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The Wiskott-Aldrich Syndrome Protein Acts Downstream
of CD2 and the CD2AP and PSTPIP1 Adaptors
to Promote Formation of the Immunological Synapse
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CD28/CD80 ligand pair, Lck, PKC-, and other cytosolic
signaling effectors, and a peripheral (p) SMAC region
enriched in both cytoskeletal linkers and accessory mol-
Karen Badour,1,2,3 Jinyi Zhang,1,2,3 Fabio Shi,1,2,3
Mary K.H. McGavin,1,2,3 Vik Rampersad,1,2,3
Lynne A. Hardy,1,2 Deborah Field,1
and Katherine A. Siminovitch1,2,3,*
1Department of Medical Genetics and Microbiology
ecules such as the LFA-1-ICAM-1 and CD2-CD48/CD582 Departments of Medicine, Immunology,
ligand pairs (van der Merwe et al., 2000). Although notand the Institute of Medical Science
required for initiation of TCR signaling (Lee et al., 2002),University of Toronto
synapse formation has been implicated in the induction3 The Samuel Lunenfeld and Toronto General
of T cell proliferation, negative selection, cytokine pro-Research Institutes
duction, and cytotoxic toxic T cell lytic granule secretionRoom 656A
(Kupfer et al., 1994; Delon and Germain, 2000; Stinch-600 University Avenue
combe et al., 2001; Richie et al., 2002) and is thus re-Toronto, M5G 1X5
garded as key to the coupling of TCR engagement to TOntario
cell activation.Canada
Synapse formation is poorly understood from a mech-
anistic perspective, but is known to be associated with
increases in actin polymerization at the T cell:APC con-Summary
tact site and impaired by pharmacologic disruption of
the actin cytoskeleton (Ryser et al., 1982; Wulfing etThe Wiskott-Aldrich syndrome protein (WASp) couples
al., 2002). These data suggest a critical role for actinactin cytoskeletal rearrangement to T cell activation,
cytoskeletal remodeling in synapse generation. One po-but the mechanisms involved are unknown. Here, we
tential effector in such actin rearrangements is theshow that antigen-induced formation of T cell:APC
Wiskott-Aldrich syndrome protein (WASp), a hematopoi-conjugates and synapses is abrogated in WASp-defi-
etic lineage-restricted molecule which couples TCR en-cient T cells and that CD2 engagement evokes interac-
gagement to both transcriptional activation and actintions between the proline-rich region required for
polymerization (Zhang et al., 1999, Snapper and Rosen,WASp translocation to the synapse and the PSTPIP1
1999). WASp effects on actin are mediated via a car-adaptor SH3 domain and between the PSTPIp1 coiled-
boxyl-terminal verprolin homology, cofilin homology,coil domain and both CD2 and another CD2-binding
acidic region (VCA) domain which allows WASp to bindadaptor, CD2AP. The induced colocalization of these
the Arp2/3 complex and evoke Arp2/3 complex-medi-proteins at the synapse is disrupted by expression
ated actin polymerization (Machesky and Insall, 1998;of coiled-coil domain-deleted PSTPIP1. These data,
Rohatgi et al., 1999). WASP also contains a GTPasetogether with the impairment in CD2-induced actin
binding domain (GBD) which mediates WASp bindingpolymerization observed in WASp-deficient cells, sug-
to activated cdc42 and its consequent release from au-gest that PSTPIP1 acts downstream of CD2/CD2AP
toinhibitory structural constraints that suppress consti-to link CD2 engagement to the WASp-evoked actin
tutive triggering of Arp2/3 activity (Kim et al., 2000; Pre-polymerization required for synapse formation and T
hoda et al., 2000). WASp VCA domain activity is requiredcell activation.
for T cell development and TCR triggering of actin poly-
merization (Zhang et al., 2002), and WASp is translo-Introduction
cated to the T cell:APC interface following TCR stimula-
tion (Cannon et al., 2001). These observations suggest
Investigation of the morphological events triggered by a role for WASp in directing the actin cytoskeletal remod-
T cell antigen receptor (TCR) interaction with cognate eling integral to synapse formation.
MHC-peptide complexes has revealed TCR engage- In between its VCA and GBD regions, WASp contains
ment to be followed by formation of a distinct structural a proline-rich region which associates with the SH3 do-
domain encompassing the area of contact between the mains of several tryosine kinase and adaptor proteins
T cell and the antigen-presenting cell (APC) and desig- (Rivero-Lezcano et al., 1995; Cory et al., 1996: She et al.,
nated as the “immunological synapse” (Grakoui et al., 1997). Using a yeast two-hybrid screen of an activated T
1999). Formation of this specialized junction is associ- cell library, our group previously identified the associa-
ated with alterations in T cell cytoskeletal polarization tion of WASp with an SH3 domain-containing cytosolic
that lead to repositioning of the microtubular organizing adaptor designated as either PSTPIP1 (proline, serine,
center toward the T cell:APC interface and to a dramatic threonine phosphatase interacting protein), based on
rearrangement of membrane receptors such that the its interaction with a PEST family protein tyrosine phos-
contact site becomes highly enriched in TCRs, TCR- phatase (K.A.S. and L.A.H., unpublished data; Wu et al.,
associated adhesion molecules, and selected cytosolic 1998), or CD2BP1, based on its association with the
signaling effectors (Geiger et al., 1982; Monks et al., CD2 transmembrane protein on T cells (Li et al., 1998).
1998). These so-called supramolecular activation clus- While PSTPIP1 roles in T cell function are unknown, CD2
binding to its cognate ligands on APCs (CD48/CD58) has
been implicated in the induction of T cell cytoskeletal*Correspondence: ksimin@mshri.on.ca
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polarization and appears key to establishing the T actin accumulation at the T cell:APC contact site was
dramatically reduced relative to the level detected atcell:APC alignment required for appropriate positioning
of TCR:peptide-MHC complex in the nascent immuno- the comparable site in APC-bound wild-type T cells.
Staining of these same cells for PKC-, an effector thatlogical synapse (van der Merwe et al., 1995: Dustin et
al., 1997). CD2 engagement has also been shown to is normally recruited to the c-SMAC of developing syn-
apses (Monks et al., 1997), revealed PKC- to be colocal-play an essential role in orchestrating the large-scale
repositioning of cell surface molecules that underpins ized with actin in the synaptic regions of wild-type T
cells but to be essentially absent from the APC contactsynapse formation following TCR stimulation (Zaru et
al., 2002). These effects of CD2 are mediated at least in interface of WAS//OT-II T cells (Figure 1A). These data
reveal conjugate formation and synapse developmentpart through interactions of its cytosolic domain with
CD2AP, an intracellular adaptor which appears to facili- to be significantly impaired in the context of WASp defi-
ciency. By staining for WASp as well as PKC- and actin,tate CD2 coupling to the actin cytoskeleton (Dustin et
al., 1998). However, the molecular mechanisms whereby TCR-induced translocation of WASp to the synaptic re-
gion was also demonstrated in the conjugates formedCD2 and/or CD2AP direct actin rearrangement are un-
known. using wild-type T cells (Figure 1A).
To determine whether the proline-rich domain, whichIn the current study, we investigated the relevance
of WASp to synapse formation and the possibility that targets WASp to the contact zone (Cannon et al., 2001),
is required for synapse formation, WAS//OT-II miceWASp acts downstream of CD2 engagement and
PSTPIP1 binding to promote actin cytoskeletal activity were mated with mice in which T lineage cells express
a proline-rich domain-deleted WAS protein (WASpPro)within the synaptic region. Our data reveal both antigen-
induced synapse formation and CD2-induced actin po- on the WAS/ background (WAS/Pro). Following
confirmation of WASpPro expression (Figure 1C), Tlymerization to be severely impaired by WASp deficiency
and indicate that a signaling axis created by PSTPIP1 cells from the WAS/Pro/OT-II progeny were incu-
bated with cognate APCs, and the conjugates were thenassociation with WASp, CD2, and CD2AP enables WASp
recruitment to the synapse and the coupling of CD2 stained for actin, PKC-, and WASp and scored for syn-
apse formation. As shown in Figures 1A and 1B, theengagement to WASp-triggered actin polymerization.
WAS/Pro/OT-II cells behaved similarly to the WAS//
OT-II cells in this assay, showing profound impairmentResults
in conjugate formation and an absence of actin and
PKC- at the APC contact site of the few conjugatesWASp Deficiency Impairs Antigen-Evoked Conjugate
formed under these conditions. As is consistent withFormation and Synapse Development
an obligatory role for its proline-rich region in targetingTo develop an antigen-specific system for exploring
WASp to the synaptic region, WASpPro protein wasWASp roles in synapse formation, WAS/ mice were
also not detected at the contact region, and insteadbred with C57BL/6 mice expressing an ovalbumen (OVA)
appeared to remain within the cytoplasm. These resultsTCR transgene (OT-II) which recognizes the OVA323-339
show that WASp is required for antigen-evoked synapsepeptide in association with MHC class II (H-2b) (Barnden
formation and cannot effect this function in the absenceet al., 1998). Lymph node T cells from the WAS//OT-II
of its proline-rich region.and wild-type (OT-II) mice were incubated with peptide-
preloaded APCs (LB27.4 hybridoma B cells), and induc-
tion of conjugate and synapse formation was then exam- CD2 Engagement Induces PSTPIP1 Association
with WASp, CD2, and CD2APined by evaluation of actin and protein kinase C-
(PKC-) distribution. As shown in Figures 1A and 1B, The critical role for the WASp proline-rich region in tar-
geting WASp to the T cell:APC contact zone suggestsimmunofluorescence analysis of FITC-phalloidin-stained
cells revealed the wild-type OT-II T cells to inducibly that WASp translocation to this site requires its interac-
tion with a proline-region binding effector capable ofform conjugates with about 70% of the peptide-loaded
APCs assayed and to show marked accumulation of localizing to the synapse. Among the proteins which
bind the WASp proline-rich region, the PSTPIP1 adaptoractin at the T cell:APC contact site. By contrast, the
percentage of antigen-pulsed APCs forming conjugates is distinguished by its capacity to also interact with CD2,
a T cell accessory receptor which localizes within thewith WAS//OT-II T cells was profoundly reduced
(5%) and was comparable to that observed when p-SMAC region following TCR engagement (Li et al.,
1998; Wu et al., 1998). To determine whether PSTPIP1APCs were incubated with wild-type cells in the absence
of peptide treatment (Figures 1A and 1B). In the few interaction with WASp is influenced by CD2, the asso-
ciations of PSTPIP1 with both WASp and CD2 wereWAS//OT-II cells that successfully formed conjugates,
Figure 1. WASp Is Required for Synapse Formation
(A) Lymphocytes from OT-II (a and b), WAS//OT-II (c), or WAS/Pro/OT-II (d) mice were incubated with unpulsed (a) or OVA peptide-
pulsed (b–d) LB27.4 B cells, fixed, permeabilized, and stained for actin, WASp, or PKC-. A merge of all three panels is shown on the right.
(B) Conjugates were quantified by counting the numbers of T cell:APC conjugates showing clustered actin and PKC- at the T cell:APC
interface. Values shown are the percent of APCs that form conjugates with OT-II T cells and represent the means (SEM) of three independent
experiments.
(C) Expression levels of WASp in OT-II wild-type, WAS//OT-II, and WAS/Pro/OT-II T cells were evaluated by immunoblotting analysis
using an anti-WASp antibody.
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Figure 2. PSTPIP1 Associates with WASp, CD2, and CD2AP following CD2 Engagement
(A and B) Lysates prepared from Jurkat T cells at the indicated times after anti-CD2 antibody stimulation were immunoprecipitated with anti-
WASp, anti-CD2, anti-CD2AP (A), or anti-PSTPIP1 (B) antibodies. The immunoprecipitated or lysate proteins or control IgG were then subjected
to sequential immunoblotting (WB) with the indicated antibodies.
(C) Polyhistidine-tagged PSTPIP1 was incubated with GST-CD2, CD2AP, WASp, or WASpPro fusion proteins immobilized on glutathione-
sepharose and the complexes resolved by SDS-PAGE and immunoblotting with anti-PSTPIP1 antibody.
(D) Schematic showing the domain organization of full-length PSTPIP1 and mutant proteins containing either the coiled-coil domain (PSTPIP1-
COIL) or the SH3 domain (PSTPIP1SH3).
(E) Lysates prepared from CD2-stimulated T cells were incubated with GST or the indicated fusion proteins immobilized on glutathione
sepharose and the complexes resolved by SDS-PAGE and sequential immunoblotting with anti-WASp, anti-CD2, and anti-CD2AP antibodies.
examined in Jurkat T cells stimulated through the CD2 was also coimmunoprecipitated with PSTPIP1, and
again, the association was increased by CD2 ligationreceptor. As shown in Figure 2, PSTPIP1 was coimmu-
noprecipitated with both WASp and CD2 from the Jurkat (Figure 2A). As is consistent with PSTPIP1 capacity to
bind CD2AP, WASp, and CD2, all three of these lattercells, and its association with each of these latter pro-
teins was markedly increased following CD2 ligation. proteins were detected in PSTPIP1 immunoprecipitates
from anti-CD2 stimulated T cells (Figure 2B).CD2 ligation also triggered increased interaction of CD2
with the cytosolic adaptor, CD2AP. Interestingly, CD2AP To verify that PSTPIP1 interacts directly with the pro-
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teins under study, polyhistidine-tagged PSTPIP1 (His with CD2AP, the staining pattern revealing the two pro-
teins to be colocalized in actin bundles closely resem-PSTPIP1) was incubated with glutathione-sepharose
bound-GST fusion proteins containing CD2, CD2AP, bling those detected in CD2AP-overexpressing cells
(Figure 3E).WASp, or WASpPro. As shown in Figure 2C, His
PSTPIP1 interacted with all of the GST fusion proteins To determine whether PSTPIP1 colocalization with
WASp and CD2AP depends upon the PSTPIP1 SH3 andexcept the proline region-deleted GST-WASpPro pro-
tein. Thus PSTPIP1 interactions with CD2, CD2AP, and coiled-coil domains, respectively, the subcellular dis-
tribution of these proteins was also studied in cellsWASp appear to be direct, and its association with
WASp requires the WASp proline-rich region. in which PSTPIP1 mutants lacking the SH3 (PSTPIP1SH3)
or coiled-coil domains (PSTPIP1COIL) were expressedPSTPIP1 has been shown to associate with WASp via
its SH3 domain (Wu et al., 1998) and would have to together with either WASp or CD2AP. As shown in Fig-
ures 3F and 3G, deletion of its SH3 domain abrogatedutilize a different segment to couple CD2 and CD2AP
to WASp. In addition to its SH3 domain, PSTPIP1 also PSTPIP1 capacity to colocalize with WASp, and deletion
of the coiled-coil region similarly disrupted PSTPIP1 co-contains a coiled-coil region (Li et al., 1998) that poten-
tially interacts with other coiled-coil regions or, alterna- localization with CD2AP. These observations therefore
indicate that the interactions of PSTPIP1 with WASptively, proline-rich regions on other proteins (Cohen and
Parry, 1994; Spencer et al., 1997). Proline-rich segments and CD2AP result in the colocalization and redistribution
of these proteins within the cell and also show that theoccur within both the CD2AP and CD2 cytosolic regions
and have been shown to mediate CD2 interaction with PSTPIP1 SH3 and coiled-coil domains are required for
PSTPIP1 colocalization with WASp and CD2AP, respec-both PSTPIP1 and one of the CD2AP SH3 domains (Dus-
tin et al., 1998; Li et al., 1998). Accordingly, to delineate tively.
the molecular basis for PSTPIP1 interactions with CD2
and CD2AP, GST fusion proteins containing full-length PSTPIP1 Interactions with CD2, WASp, and CD2AP
PSTPIP1, the PSTPIP1 SH3 domain (PSTPIP1 SH3), or Are Required for Synapse Formation
the PSTPIP1 coiled-coil region (PSTPIP1 COIL) were The capacity of PSTPIP1 to bind CD2, CD2AP, and
compared for their capacity to precipitate CD2, CD2AP, WASp in activated T cells raises the possibility that
and WASp from lysates of activated T cells (Figures PSTPIP1 couples WASp to CD2 and potentially CD2-
2D and 2E). While WASp, CD2, and CD2AP were all associated CD2AP molecules within the T cell:APC con-
precipitated by the full-length PSTPIP1 fusion protein, tact region during T cell activation. To address this pos-
only WASp was precipitated by GST-PSTPIP1 SH3 pro- sibility, GFP or DSRED-tagged WASp, PSTPIP1, and
tein. By contrast, GST-PSTPIP1 COIL protein bound CD2AP were overexpressed individually or in combina-
both CD2 and CD2AP but not WASp. PSTPIP1 therefore tion in OT-II T cells, and the localization of these proteins
associates with WASp via its SH3 domain but uses its as well as CD2 relative to each other and to PKC- and
coiled-coil region to interact with CD2 and CD2AP. Thus actin was examined in unstimulated cells (Figure 4A)
PSTPIP1 can connect with CD2 either directly, through and in T cells stimulated with OVA peptide-pulsed APCs.
interaction with CD2 proline-rich regions, or indirectly, Visualization of cells overexpressing GFP-WASp or
by associating with potentially CD2-bound CD2AP mol- stained for CD2 revealed each of these proteins to be
ecules. colocalized with actin and PKC- at the APC contact
zone of the stimulated T cells (Figures 4B and 4C). Simi-
larly, when overexpressed individually in the OT-II cells,PSTPIP1 Colocalizes with WASp and CD2AP
in the Actin Cytoskeleton both PSTPIP1 and CD2AP accumulated within the actin-
rich PKC- staining region at the T cell:APC interfaceTo assess whether PSTPIP1 interactions with WASp
and CD2AP impact the intracellular positioning of these following T cell stimulation (Figures 4D and 4E). More-
over, coexpression of PSTPIP1 with WASp and concom-proteins, DSRED- or GFP-tagged versions of the pro-
teins were expressed individually or in various combina- itant staining for CD2 revealed colocalization of all three
of these proteins at the site of T cell:APC contact (Figuretions in Cos-7 cells and their subcellular localizations
relative to one another and to actin, then examined by 4F). Together, these data indicate that PSTPIP1, CD2AP,
and WASp are recruited to the CD2-containing Timmunofluorescence microscopy. As shown in Figures
3A and 3B, analysis of cells overexpressing WASp or cell:APC interface following TCR engagement and are
therefore appropriately positioned to interact with theirCD2AP alone revealed both of these proteins to be local-
ized to small, actin-containing aggregates which, in the cognate binding partners so as to modulate synapse
formation.case of WASp, are concentrated in the perinuclear re-
gion, while for CD2AP, they appear to be distributed To determine whether synapse development requires
PSTPIP1-mediated recruitment of WASp, synapse for-throughout the cytoplasm. While PSTPIP1 was also lo-
calized in actin-rich regions, the filamentous staining mation was also examined in peptide/APC-stimulated
OT-II T cells overexpressing a PSTPIP1COIL mutantpattern observed in PSTPIP1-overexpressing cells was
very different than those observed for WASp and CD2AP protein lacking the capacity to interact with CD2 or
CD2AP. As shown in Figure 5, this mutant protein failed(Figure 3C). Moreover, coexpression of PSTPIP1 and
WASp was associated with a marked change in the to localize to the T cell:APC interface, and its overex-
pression in the OT-II T cells markedly impaired the ca-distribution of these respective proteins such that
PSTPIP1, WASp, and actin were completely colocalized pacity of these cells to form conjugates and develop
actin-rich synapses. Staining of these cells for CD2 andwithin a network of fiber-like structures spanning the
cytoplasm (Figure 3D). The subcellular distribution of WASP also revealed recruitment of both these proteins
to the synapse region to be severely impaired in thePSTPIP1 was also markedly altered by its coexpression
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context of PSTPIP1COIL overexpression (Figure 5A). staining patterns indicated only partial translocation of
CD2 to the lipid raft domains (panel c). By contrast,Thus the PSTPIP1COIL protein appears to act in a
dominant-negative fashion to impede PSTPIP1-medi- the staining patterns for PSTPIP1, WASp, and CD2AP
showed no overlap with that of CTx, indicating no asso-ated recruitment of WASP to the synapse and to thereby
disrupt the CD2/CD2AP-WASp connections required for ciation of these proteins with lipid rafts (panels d–f).
These findings confirm that a portion of the CD2 poolsynapse formation.
is inducibly translocated to membrane rafts during T
cell activation, but also imply that it is the non raft-PSTPIP1, CD2AP, and WASp Do Not Localize
to Lipid Rafts localizing CD2 molecules which interact with CD2AP
and PSTPIP1 and which are thereby coupled to WASp.Previous studies on the distribution of CD2 at the plasma
membrane have revealed a significant fraction of CD2
to be inducibly translocated to lipid rafts following CD2
CD2 Engagement Induces Actin Polymerization
ligation (Yashiro-Ohtani et al., 2000; Yang and Reinherz,
in Wild-Type but Not WASp-Deficient T Cells
2001). In T cells, lipid rafts have been shown to be consti-
The potential for PSTPIP1 or PSTPIP1/CD2AP to link
tutively or inducibly enriched in signaling molecules, a
CD2 to WASp suggests CD2 involvement in the induc-
number of which, like CD2, represent integral compo-
tion of actin polymerization. To examine this possibility,
nents of the immunological synapse (Janes et al., 2000;
murine thymocytes were stimulated via their CD2 or CD2
Khoshnan et al., 2000). It is therefore possible that the
and TCR receptors and induction of actin polymerization
CD2-CD2AP-PSTPIP1-WASp interactions relevant to
evaluated by immunofluorescence analysis of phal-
synapse formation occur within lipid rafts. To determine
loidin-stained cells. As shown in Figure 7, CD2 engage-
whether CD2AP, PSTPIP1, and WASp are present in the
ment induces a level of actin polymerization comparable
raft fraction of the membrane, unstimulated and TCR/
to that observed in cells subjected to TCR/CD2 coliga-
CD2-costimulated Jurkat cells were lysed in nonionic
tion. By contrast, both CD2 as well as TCR/CD2-induced
detergent and subjected to sucrose gradient centrifuga-
actin polymerization were essentially abrogated in
tion so as to separate lipid raft-containing (characteristi-
WAS/ thymocytes. These observations indicate that
cally fractions 2–4) from the soluble cellular fractions
WASp is required for the coupling of CD2 to induction
(Montixi et al., 1998). As is consistent with previous re-
of actin polymerization and support the conclusion that
ports, immunoblotting analysis (Figure 6A) revealed the
WASp acts downstream of PSTPIP1 to link CD2 engage-
constitutive association of linker adaptor protein (LAT)
ment to the triggering of actin polymerization at the
and the inducible association of CD2 with the lipid-raft-
synapse.
containing fractions (Zhang et al., 1998). By contrast,
WASp, PSTPIP1, and CD2AP were not detected in the
raft fractions purified from either unstimulated or stimu- Discussion
lated cells.
The distribution of PSTPIP1, CD2AP, and WASp rela- In the current study, WASp, a molecule which links TCR
engagement to induction of actin polymerization, hastive to rafts was also examined by immunofluorescence
microscopy of intact cells. For these studies, TCR/CD2- been identified as a critical effector of the synapse for-
mation associated with T cell activation. WASp contribu-costimulated Jurkat cells were stained for each protein
under study as well as with FITC-conjugated cholera tions to synapse formation depend upon its proline-rich
region and involve an inducible binding of this regiontoxin B (CTx). This reagent binds the raft-associated
glycosphingolipid GM1 and, when crosslinked using to the SH3 domain of the PSTPIP1 adaptor. Because
PSTPIP1 uses its coiled-coil region to also bind bothanti-CTx antibody, allows raft domains to be visualized
as distinct patches in the membrane (Harder et al., 1998). CD2 and CD2AP, PSTPIP1 has the potential to physically
couple CD2 and CD2AP to WASp. This possibility isAs shown in Figure 6B, FITC-CTx staining of unstimu-
lated T cells revealed homogeneous distribution of rafts supported by the presence of WASp, CD2AP, and CD2
in PSTPIP1 immunoprecipitates, the colocalization ofwithin the plasma membrane (panel a). By contrast, TCR
stimulation and CTx crosslinking were associated with PSTPIP1 with both CD2AP and WASp in the actin cy-
toskeleton, and the colocalization of all four of theseraft redistribution into distinct membrane patches (panel
b). As also observed by others (Janes et al., 2000), co- proteins in the immunological synapse of activated T
cells. These observations, together with the impairmentstaining of these latter cells for TCR revealed complete
colocalization of membrane TCR with the CTx-con- in CD2-evoked actin polymerization observed in WASp-
deficient T cells and the disruption of synapse formationtaining patches. Similarly, dual staining of either CD2-
stimulated (data not shown) or TCR/CD2-costimulated engendered by PSTPIP1COIL overexpression, provide
compelling evidence that PSTPIP1 acts downstream ofcells for CD2 and CTx revealed CD2 to be present in
the lipid raft patches, although the overlay of the two CD2 and CD2AP to recruit WASp to the T cell:APC con-
Figure 3. Colocalization of Ectopically Expressed PSTPIP1 with WASp and CD2AP
Cos-7 cells were transiently transfected with either pEGFP-WASp (A), pEGFP-CD2AP (B), or pEGFP-PSTPIP1 (C) alone or with pEGFP-PSTPIP1
and pDSREDWASp (D), pEGFP-PSTPIP and pDSRED-CD2AP (E), pEGFP-PSTPIPSH3 and pDSRED-WASp (F), or pEGFP-PSTPIPCOIL and
pDSRED-CD2AP (G), and the subcellular distribution of these respective proteins was then examined by immunofluorescent miscroscopy.
Actin was visualized with rhodamine or Alexa 350-phalloidin. Images on the far right represent merges of all images shown in each panel.
These images are representative of four independent experiments.
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tact site so as to promote the actin polymerization re- ment in CD2-triggered actin polymerization observed
in WASp-deficient cells and the disruption in synapsequired for synapse induction during T cell activation.
An essential role for WASp-mediated induction of ac- formation caused by PSTPIP1COIL overexpression
also support the conclusion that PSTPIP1 couples CD2tin polymerization in synapse formation is consistent
with data linking WASp effects on both T cell activation to WASp and WASp-mediated actin polymerization.
PSTPIP1 mediation of WASp translocation to the syn-and maturation to its capacity to trigger actin polymer-
ization (Zhang et al., 1999, 2002) and suggesting a re- apse is reminiscent of data showing WASp to be induci-
bly relocated to endocytic vesicles by interaction of itsquirement for actin cytoskeletal rearrangement in syn-
apse development (Wulfing and Davis, 1998). Although proline-rich domain with the SH3 domains of the inter-
sectin 2 adaptor (McGavin et al., 2001). These data sug-a minimal role for WASp in inducing actin polymerization
at the synapse was previously suggested (Krawczyk et gest that the binding of its proline-rich domain with
cognate ligands allows WASp to be targeted to selectedal., 2002), this conclusion is not supported by data in
the same study showing that WASp deficiency disrupts subcellular sites so as to evoke the actin cytoskeletal
changes required for specific cell behaviors. Recentthe colocalization of TCR clusters with actin patches or
by the current data indicating conjugate and synapse data showing that binding of the Nck or Grb 2 adaptors
with the N-WASp proline-rich domain stimulates induc-formation to be profoundly impaired in WAS/ cells.
WASp involvement in the cytoskeletal changes required tion of Arp2/3 complex nucleating activity (Carlier et al.,
2000; Rohatgi et al., 2001) indicate that WASp’s actinfor synapse formation is also implied by its inducible
recruitment to the T cell:APC interface and its colocaliza- polymerizing function can be stimulated by mechanisms
other than its interaction with activated cdc42 and thattion at this site with both PSTPIP1 and CD2AP, adaptors
implicated in the regulation of fibroblast filopodial exten- the proline-rich region subserves roles in WASp activa-
tion as well as localization. While PSTPIP1 contributionsion and T cell cytoskeletal polarity, respectively (Spen-
cer et al., 1997; Dustin et al., 1998). to WASp effector activity requires formal testing, the
deleterious effects of PSTPIP1COIL overexpression onOur data identify the promotion of synapse develop-
ment as a significant mechanism whereby CD2 contrib- synapse formation and of WASp deficiency on CD2-
evoked actin polymerization strongly suggest thatutes to induction of T cell activation. This conclusion
is consistent with data showing TCR signaling to be PSTPIP1 binding triggers both WASp relocalization and
Arp2/3-stimulatory activity.enhanced by CD2 engagement (Bierer et al., 1988) and
also with the postulated role for CD2-CD48/CD58 inter- PSTPIP1 effects on T cell function may also reflect
its capacity to interact with such signaling effectors asaction in approximating the APC and T cell contact
zones so as to enhance TCR engagement of peptide- the c-Abelson tyrosine kinase which binds and phos-
phorylates PSTPIP1 (Cong et al., 2000) and PTP-PEST,MHC (van der Merwe et al., 1995; Shaw and Dustin,
1997). While T cells can be activated in the absence of a protein tyrosine phosphatase implicated in the regula-
tion of lymphocyte activation and focal adhesion behav-CD2 (Killeen et al., 1992), the signaling defects observed
in TCR transgenic/CD2-deficient and CD2/CD28 dou- ior (Angers-Loustau et al., 1999; Davidson and Veillette,
2001) and shown to dephosphorylate WASp (Cote´ et al.,ble-deficient T cells (Green et al., 2000; Sasada and
Reinherz, 2001) suggest a significant role for CD2 in T 2002). PSTPIP molecules may also oligomerize by virtue
of their coiled-coil domains (Cabezon et al., 2001), butcell activation which may be obscured in CD2-deficient T
cells because of functional redundancies between CD2 it is unclear whether such multimerization occurs in vivo
or is possible if the PSTPIP1 coiled-coil region is boundand other costimulatory molecules such as CD28. Simi-
larly, the capacity of CD2 engagement to trigger actin to CD2 or CD2AP. Similarly, because PSTPIP1 and
CD2AP are thought to associate with the same proline-polymerization supports the conclusion of CD2 involve-
ment in directing topological changes that promote syn- rich region within the CD2 cytosolic domain (Li et al.,
1998; Dustin et al., 1998), it is not clear that PSTPIP1apse formation and T cell activation.
In contrast to previous data suggesting a weak inter- can simultaneously bind to a single CD2 molecule both
directly and via CD2AP. The potential for PSTPIP1 toaction of the PSTPIP1 SH3 domain with the CD2 cyto-
solic region (Li et al., 1998), we detected no evidence oligomerize and to bind a multiplicity of signaling mole-
cules may imbue this adaptor with capacity for integrat-for CD2 binding to the PSTPIP1 SH3 domain. Instead,
PSTPIP1 interactions with both CD2 and CD2AP were ing WASp and WASp-evoked cytoskeletal changes into
several functionally distinct signaling cascades. Suchfound to be mediated via its coiled-coil region, a physical
arrangement which allows PSTPIP1 to simultaneously behavior may account for the association of PSTPIP1
mutations with susceptibility to a complex autoinflam-interact with CD2-bound CD2AP and WASp. The posi-
tioning of PSTPIP1 as a linker of CD2 and CD2AP with matory disease (Wise et al., 2002).
The finding that WASp, PSTPIP1, and CD2AP are nei-WASp is consistent with the detection of all four of these
proteins in PSTPIP1 immunoprecipitates and their colo- ther constitutively nor inducibly translocated to lipid
rafts implies that PSTPIP1-mediated coupling of WASpcalization within the T cell synaptic region. The impair-
Figure 4. WASp, PSTPIP1, CD2, and CD2AP Colocalize at the Synapse
OT-II lymphocytes were transfected with pEGFP-WASp (A, B, and F), pEGFP-PSTPIP1 (D), pDSRED-PSTPIP1 (A and F), or pEGFP-CD2AP (A
and E) alone or in combination, and the cells were incubated with either unpulsed LB27.4 cells (A) or with LB27.4 B cells pulsed with OVA329-339
(B–F), fixed, and stained for CD2 (C and F) and/or actin and PKC- (B–E), and the images were then visualized by immunofluorescent
microscopy. Data shown are representative of three independent experiments.
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Figure 6. PSTPIP1, WASp, and CD2AP Do Not Localize to Lipid Rafts following TCR/CD2 Engagement
(A) Lysates prepared from untreated or anti-CD3/anti-CD2 costimulated Jurkat E6 cells were fractionated on sucrose gradients and the
fractions resolved by SDS-PAGE and subjected to immunoblotting using the indicated antibodies.
(B) Unstimulated (a), anti-CD3-stimulated (b), or anti-CD3/anti-CD2-costimulated (c–f) T cells were stained for cholera toxin  (CTx ) together
with CD3 (b), CD2 (c), PSTPIP1 (d), WASp (e), or CD2AP (f), and the images were visualized by immunofluorescent microscopy.
Figure 5. Synapse Formation Is Disrupted by Ectopic Expression of PSTPIP1COIL
(A) OT-II lymphocytes were transfected with pEGFP-PSTPIP1 (a) or pEGFP-PSTPIPCOIL alone (b) or in combination with pDSRED-WASp
(c) or pDSRED-CD2AP (d), and the cells were incubated with OVA-pulsed LB27.4 cells, fixed, and stained for CD2 (a and b) and/or actin (a–d)
and visualized by immunofluorescent microscopy.
(B) Conjugates were quantified by counting the numbers of T cell:APC conjugates showing clustered actin. Values shown are percent of APCs
that form conjugates with OT-II cells and represent the means (SEM) of three independent experiments.
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with WAS/ mice to generate WAS//OT-II animals. To derive
WAS/Pro mice, a WASp cDNA construct deleted for sequences
encoding amino acids 310–417 (WAS/Pro) was introduced
downstream of the CD2-promoter elements in the vector P292,
and the transgene construct was then injected into CD1 embryos.
Transgene-positive founders were bred onto the C57BL/6 back-
ground and screened for transgene expression, and selected
WAS/Pro lines were then mated with WAS/mice. WAS/Pro/
OT-II mice were derived by mating WAS/Pro with WAS/ OT-II
mice.
Reagents
Reagents used for these studies included: polyclonal antibodies
specific for WASp (Zhang et al., 1999), PSTPIP1 (generated by immu-
nizing NZW rabbits with a GST-fusion protein containing full-length
PSTPIP1), LAT (provided by L. Samelson) and human CD2 and
CD2AP (Santa Cruz Biotechnology); monoclonal antibodies recog-
nizing CD2 (TII2 and TII3, a gift from E. Reinherz), CD3 (from the
UCHT-1 hybridoma), and PKC- (Transduction Labs); biotinylated
goat anti-mouse CD3 and CD2 antibodies (PharMingen), Cy 3 anti-
rabbit Ig, Cy5 anti-goat Ig, Cy5 anti-mouse Ig, FITC anti-goat Ig,
and streptavidin (Jackson ImmunoResearch), rabbit Ig (Bio-Rad),
rhodamine, alexa-350 and FITC-phalloidin (Molecular Probes), FITC-Figure 7. WASp Is Required for CD2-Evoked Actin Polymerization
cholera toxin, and anti-actin (Sigma Chemical Co). PSTPIP1 cDNAs
Thymocytes from wild-type and WAS/ mice were left untreated lacking the PSTPIP1 coiled-coil region (PSTPIPCOIL) or the SH3
or stimulated with biotinylated anti-CD2 alone or biotinylated anti- domain (PSTPIP1SH3) were derived by PCR using primers flanking
CD2 and anti-CD3 antibodies. Following crosslinking by streptavi- the sites of the intended deletions (aa 162–204 and 319–415, respec-
din, the cells were fixed and F-actin content quantitated by flow tively), and these as well as cDNAs for full-length WASp, PSPTPIP1,
cytometric analysis of FITC-phalloidin-stained cells. Data shown are and CD2AP (ATTC) were subcloned into the pEGFP-C3 and pDSRED
representative of three independent experiments. vectors (Clonetech).
to CD2/CD2AP occurs outside of the raft compartment. T Cell Stimulation
For T cell activation, Jurkat E6 cells (2  107 ) were stimulated forHowever, our data also confirm the inducible relocation
varying times with anti-CD3 (10 g/ml) and/or anti-CD2 (1/100 dilu-of some CD2 molecules to raft domains and thus raise
tion of T112 T113 ascites) antibodies. Cell activation was confirmedthe possibility that differential localization within the
by antiphosphotyrosine immunoblotting of culture aliquots.
plasma membrane allows CD2 to subserve different
functions in T cell activation. CD2 engagement, for ex- Immunoprecipitation and Immunoblotting
ample, induces activation of Lck, PLC-	, and other raft- T cell lysates prepared from Jurkat E6 cells were incubated with
associated molecules (Danielian et al., 1991; Pantaleo Protein A sepharose 6B beads (Amersham) followed by specific
antibody or rabbit preimmune serum and the immune complexeset al., 1987) and may therefore act within rafts to promote
collected as previously described (Zhang et al., 1999). For immu-relay of TCR activation signal to the nucleus. By con-
noblotting analyses, immunoprecipitated or cell lysate proteins weretrast, CD2 roles in the regulation of T cell adhesion and
subjected to SDS-PAGE, transferred to nitrocellulose membranes,synapse formation are likely mediated by non raft-asso-
and the blocked membranes sequentially incubated with primary
ciated CD2 molecules which can interact with PSTPIP1- antibody, and Protein A or goat anti-rabbit horseradish peroxidase
WASp complexes to trigger actin polymerization within (Bio-Rad) as previously described (Zhang et al., 1999).
the synapse. The presumed colocalization of these ef-
fectors within the p-SMAC region would create a nidus Generation of Fusion Proteins and In Vitro Binding Assays
Fusion proteins were derived by transforming E. coli with pGEX 2Tfor the actin polymerizing activity required not only for
vectors containing the PSTPIP1, CD2AP, WASp, WASpPro, or CD2synapse formation but also for the ensuing endocytic
cDNAs, PCR-amplified fragments corresponding to the PSTPIP1and exocytic activities currently thought to occur within
coiled-coil (aa 120–358) and SH3 (aa 365–415) domains (PSTPIP1-
the immunological synapse. This possibility as well as COIL and PSTPIP1 SH3, respectively), or with a pQ30 vector (Qiagen)
the relationship between this newly defined CD2-WASp containing the PSTPIP1 cDNA. GST fusion proteins (5 g) were
signaling axis and other synaptic signaling events immobilized on glutathione-coupled Sepharose 4B beads (Amer-
sham) and incubated for 2 hr at 4
C with either 6 His-PSTPIP1 orevoked, for example, by CD28 or LFA-1 engagement,
lysates prepared from anti-CD2 stimulated T cells, and the com-needs to be addressed so as to fully elucidate the biolog-
plexes were then subjected to SDS-PAGE and immunoblotting anal-ical significance of PSTPIP1-mediated WASp transloca-
ysis with the indicated antibodies.tion to the synapse. However, the data presented here
indicate a critical role for the CD2/CD2AP-PSTPIP1-
Conjugate Assay
WASp cascade in the generation of the immunologic LB27.4 B cells (H-2d/b restricted B cell hybrid obtained from ATCC)
synapse and identify the induction of actin cytoskeletal were incubated with ovalbumen peptide (OVA329-339) for 4 hr at 37
C
rearrangement at the synapse as an important mecha- and then centrifuged at 200 g for 5 min with an equal number of
lymph node T cells from OT-II, WAS//OT-II, or WAS/Pro/OT-IInism whereby WASp contributes to the enhancement
mice. Following 10 min incubation at room temperature, cells wereof T cell activation.
resuspended, plated onto poly-L-lysine-coated coverslips (Biocoat,
Becton Dickinson), and fixed in 3% paraformaldehyde.Experimental Procedures
Transfection and Immunofluorescence AssaysMice
Using the GeneJammer reagent (Stratagene), expression plasmidsMice expressing the OVA-specific OT-II TCR transgene on the
C57BL/6 background (gifts of F. Carbone and T. Watts) were bred containing full-length PSTPIP1, PSTPIP1COIL, PSTPIP1SH3,
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CD2AP, or WASp cDNAs were transfected into Cos-7 cells (5  104 ) cDNA-based- and-chain genes under the control of heterologous
regulatory elements. Immunol. Cell Biol. 76, 34–40.seeded onto glass coverslips. At 24 hr after transfection, cells were
washed and fixed with 3% paraformaldehyde/PBS. Alternatively, Bierer, B.E., Peterson, A., Gorga, J.C., Herrmann, S.H., and Burakoff,
selected plasmids were transfected into unstimulated or stimulated S.J. (1988). Synergistic T cell activation via the physiological ligands
OT-II, WAS//OT-II, and WAS/Pro/OT-II T cells using a BTX for CD2 and the T cell receptor. J. Exp. Med. 168, 1145–1156.
electroporator (1 pulse, 360 volts), and the cells were fixed at 2.5
Cabezon, E., Runswick, M.J., Leslie, A.G.W., and Walker, J.E. (2001).
hr posttransfection. Cells were then either blocked with 2% BSA/
The structure of bovine 1F1, the regulatory subunit of mitochondrialPBS for 10 min or permeabilized with 0.1% Triton X-100/PBS for
F-ATPase. EMBO J. 20, 6990–6996.
intracellular staining. Following incubation with appropriate primary
Cannon, J.L., Labno, C.M., Bosco, G., Seth, A., McGavin, M.H.K.,and fluorescently conjugated secondary antibodies, stained sam-
Siminovitch, K.A., Rosen, M.K., and Burkhardt, J.K. (2001). Waspples were mounted and the images analyzed using the Olympus
recruitment to the T cell: APC contact site occurs independently of1X-70 inverted microscope equipped with fluorescence optics and
cdc42 activation. Immunity 15, 249–259.Delta Vision Deconvolution Microscopy Software (Applied Pre-
Carlier, M.F., Nioche, P., Broutin, L., Hermite, I., Boujemaa, R.,cision).
Clainche, C., Egile, C., Garbay, C., Ducruix, A., Sansonetti, P., and
Pantaloni, D. (2000). Grb 2 links signaling to actin assembly byLipid Raft Separation
enhancing interaction of neural Wiskott-Aldrich syndrome proteinUnstimulated or anti-CD2/anti-CD3 antibody costimulated Jurkat
(N-WASp) with actin-related protein (Arp 2/3) complex. J. Biol.E6 T cells (2  107 ) were lysed in 1 ml ice-cold MBS lysis buffer (25
Chem. 275, 21946–21952.mM MES, 150 mM NaCI [pH 6.5], 1% Triton X-100, 1 mM PMSF,
and 1 g/ml each aprotinin, leuopeptin, and pepstatin). Following Cohen, C., and Parry, D.A. (1994). Alpha-helical coiled coils: more
facts and better predictions. Science 263, 488–489.30 min incubation in ice, the lysates were homogenized by 20 strokes
in a Dounce homogenizer, mixed with an equal volume of 80% Cong, F., Spencer, S., Coˆte´, J.F., Wu, Y., Tremblay, M., Lasky, L.,
sucrose (w/v) in MBS, and transferred to SW41Ti centrifuge tubes. and Goff, S.P. (2000). Cytoskeletal protein PSTPIP1 directs the
Samples were then overlaid with 6.5 ml of 30% sucrose followed PEST-type protein tyrosine phosphatase to the c-Abl kinase to me-
by 3.5% ml of 5% sucrose in MBS plus 1 mM Na3Vo4 and centrifuged diate Abl dephosphorylation. Mol. Cell 6, 1413–1423.
at 4
C for 16–19 hr at 200,000  g in a Beckman SW4Ti (Fullerton,
Cory, G.O., MacCarthy-Morrogh, L., Banin, S., Gout, I., Brickell, P.M.,
CA). One milliliter fractions were collected from the top of each
Levinsky, R.J., Kinnon, C., and Lovering, R.C. (1996). Evidence that
gradient and subjected to immunoblotting with the indicated anti-
the Wiskott-Aldrich syndrome protein may be involved in lymphoid
bodies.
cell signaling pathways. J. Immunol. 157, 3791–3795.
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Patching and Immunofluorescence
L., and Tremblay, M. (2002). PSTPIP is a substrate of PTP-PEST
Jurkat E6 cells were resuspended at 2  106/ml in PBS and incu-
and serves as a scaffold guiding PTP-PEST toward a specific de-
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phosphorylation of WASp. J. Biol. Chem. 277, 2973–2986.
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